Terrestrial leaf litter provides aquatic insects with an energy source and habitat structure, and species differences in litter can influence aquatic insect emergence. Emerging insects also provide energy to riparian predators. We hypothesized that plant genetics would influence the composition and timing of emerging insect communities among individual genotypes of Populus angustifolia varying in litter traits. We also compared the composition and timing of emerging insect communities on litter from mixed genotypes of three cross types of a hybridizing cottonwood complex: P. angustifolia, P. fremontii, and their F 1 hybrids. Using litter harvested from an experimental common garden, we measured emerging insect community composition, abundance, and production for 12 weeks in large litter packs affixed with emergence traps. Five major findings emerged. (1) In support of the genetic similarity hypothesis, we found that, among P. angustifolia tree genotypes, litter from more closely related genotypes had more similar litter thickness, nitrogen concentrations, decomposition rates, and emerging insect communities. (2) Genetic similarity was not correlated with other litter traits, although the litter fungal community was a strong predictor of emerging insect communities. (3) Litter decomposition rate, which was the strongest predictor of emerging aquatic insect communities, was influenced by litter thickness, litter N, and the litter fungal community. (4) In contrast to strong community composition differences among P. angustifolia genotypes, differences in community composition between P. fremontii and P. angustifolia were only marginally significant, and communities on F 1 hybrids were indistinguishable from P. angustifolia despite genetic and litter trait differences. (5) Mixed litter packs muted the genetic effects observed in litter packs consisting of single genotypes. These results demonstrate that the genetic structure of riparian forests can affect the composition and timing of aquatic insect emergence. Because many riparian trees are clonal, including P. angustifolia, large clone size is likely to result in patches of genetically structured leaf litter that may influence the timing and composition of insect emergence within watersheds. Riparian restoration efforts incorporating different tree genotypes could also influence the biodiversity of emerging aquatic insects. Our work illustrates the importance of plant genes for community and ecosystem processes in riparian corridors.
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IntroductIon
Aquatic insects are an important food for riparian predators, including birds (Gray 1993 , McIntosh 2000 , bats (Barclay 1991 , de Jong and Ahlén 1991 , Sullivan et al. 1993 , lizards , and spiders (Sanzone et al. 2003 , Paetzold et al. 2005 . The insect species emerging from the water depend on properties within the river and the surrounding landscape. For example, the bottom-up effects of nutrient enrichment can increase emerging insect production (Greig et al. 2012) , whereas the top down effects of fish predation can decrease emerging insect abundance and production and alter community composition (Baxter et al. 2004 , Wesner 2010 , Benjamin et al. 2011 , Greig et al. 2012 . At the landscape scale, forested catchments tend to have higher emerging insect abundance of indicator taxa (i.e., Ephemeroptera, Plecoptera, Trichoptera) and different community composition compared to unforested catchments (Collier et al. 1997 , Winterbourn et al. 2007 . Management within the catchment also affects emerging insects, with forested catchments tending to have higher total abundance and diversity of emerging insects than deforested or grazed watersheds (Briers et al. 2002 , Harrison and Harris 2002 , Briers and Gee 2004 . Because leaf litter constitutes a substantial flow of energy into the aquatic ecosystem Likens 1973, Meyer et al. 1998) , these inputs are particularly important to aquatic invertebrates, especially in headwater streams (Webster et al. 1995, Webster and Meyer 1997) .
The species composition of a riparian forest may strongly influence aquatic invertebrates and associated ecosystem functions. In streams, leaf litter of different plant species decomposes at different rates, affecting the abundance and community composition of associated invertebrates and microbes (Graça 2001 , Tank et al. 2010 ). In addition, litter from different plant species influences growth and survival of shredding insects and tadpoles (Canhoto and Graça 1992 , Cohen et al. 2012 , Stoler and Relyea 2013 . Variation in litter traits also influences the abundance and diversity of emerging aquatic insects (Kominoski et al. 2012 ). Yet, little is known about how intraspecific variation in litter influences ecosystem function and aquatic invertebrates, including aquatic emergence.
Genetic variation within tree species influences associated communities, including understory and epiphytic plants (Crutsinger et al. 2008 , 2010 , Zytynska et al. 2011 , epiphytic lichens (Lamit et al. 2011) , fungal pathogens (Busby et al. 2013) , soil microbes (Schweitzer et al. 2008) , and foliar arthropods (Fritz and Price 1988 , Dungey et al. 2000 , Van Zandt and Agrawal 2004 . The genetic similarity hypothesis predicts that plants with more similar genotypes will support more similar traits (e.g., phytochemistry), which in turn are associated with more similar arthropod communities (sensu Bangert et al. 2006b ). The afterlife effects (sensu Findlay et al. 1996) of plant genes on litter communities are much less understood, though specific litter taxa have been shown to respond to intraspecific plant variation (Barbour et al. 2009a , Wojtowicz et al. 2014 . Variation within tree species can also influence litter decomposition and invertebrate communities in terrestrial (Schweitzer et al. 2005 ) and aquatic (LeRoy et al. 2006 , Lecerf and Chauvet 2008 , Jackrel and Wootton 2014 ecosystems.
Here, we examined how intraspecific and interspecific genetic variation within a cottonwood hybridizing system (Populus angustifolia × P. fremontii) influences the composition and timing of emerging insects. We compared emerging insect community composition, abundance, and production among leaf litter of P. angustifolia genetic isolates and also of mixed genotypes for the two parent species and their F 1 hybrids. We tested five hypotheses. (1) Within P. angustifolia, genetic similarity of plants correlates with community similarity of emerging insects. (2) Emerging aquatic insect abundance, production, and diversity are higher from packs with mixed cross type litter relative to single P. angustifolia genotypes. (3) Functional feeding groups, indicator taxa, and other taxonomic groups that feed on leaf litter respond to cross type and genotype litter differences. (4) Emerging insect communities, abundance, and production vary temporally in relation to litter decomposition rates. (5) Variation in litter chemical and physical traits is associated with variation in emerging insect communities, abundance, and production.
The rationale for our first hypothesis was the positive association between genetic similarity and arthropod community similarity that has been documented in temperate cottonwood v www.esajournals.org COMPSON ET AL.
forests (Bangert et al. 2006a , b, Ferrier et al. 2012 , eucalypt forests (Barbour et al. 2009b) , and rain forests (Zytynska et al. 2011 (Zytynska et al. , 2012 . Our second hypothesis was postulated because plant genotypic diversity increases associated arthropod diversity (Crutsinger et al. 2006 , Johnson et al. 2006 , Ferrier et al. 2012 in terrestrial ecosystems. In addition, leaf litter mixtures are expected to provide a more continuous food source for aquatic insects (sensu Hynes 1975) because the presence of slow-decomposing litter may disproportionately extend the length of time fast-decomposing litter is available to aquatic insects (Palmer et al. 2000, Swan and Palmer 2004) . The rationale for our third hypothesis was based on the observation that shredders can discriminate among leaf litter in the lab (Canhoto and Graça 1992 , Nolen and Pearson 1993 , Schulze and Walker 1997 and the field (Webster and Benfield 1986 , Basaguren and Pozo 1994 , Malmqvist and Oberle 1995 . In addition, Ephemeroptera, Plecoptera, and Trichoptera have been shown to vary in emergence rates between Populus litter species ) and can be important indicators of water quality (Lenat 1988 , Plafkin et al. 1989 , Bain et al. 2000 , which could vary among litter packs if the litter differentially leaches organic compounds. Our fourth hypothesis was based on the idea that aquatic insect emergence should be enhanced in areas that retain and provide predation refuge for benthic insects Rainey 2000, Power et al. 2004 ); this, coupled with known litter decomposition rate differences (LeRoy et al. 2006 (LeRoy et al. , 2007 and structural variation among Populus cross types and genotypes (Table 1 , 2), led to the prediction that cross types and genotypes of litter with fast decomposition rates would have higher initial emergence rates, whereas those with slow decomposition rates would retain material and structure longer, leading to higher emergence rates toward the end of the experiment. Our final hypothesis was based on the findings that, in hybridizing cottonwoods, trees grown in common gardens predictably vary in plant traits that correlate with litter decomposition and associated arthropod and microbial communities references therein, Wymore et al. 2013) . Specifically, we predicted that emerging insect abundance and production would be higher from slowdecomposing compared to fast-decomposing cross type and genotype litter because slowdecomposing Populus angustifolia litter has higher emergence rates ) and fluxes of C and N to insects (Compson et al. 2015) compared to fast-decomposing Populus fremontii litter. The high amount of phenotypic variation in the Populus complex (Holeski et al. 2012 and references therein), particularly among P. angustifolia genotypes, provides a template for studying how a suite of litter quality traits (Table 1 , 2) affects emergence.
Methods

Study design
Leaf litter from seven P. angustifolia genotypes (n = 4-11 replicates per genotype) was selected based on known phytochemical differences (B. Rehill, personal communication) to determine whether intraspecific variation in litter influences abundance (no. m −2 ·d −1 ), production (mg dry weight·m −2 ·d −1 ), diversity (Shannon's H′), and community composition of emerging aquatic insects. Litter (250 g) from individual clones of each genotype was used in replicate litter packs. In addition, litter from three cross types (P. fremontii, P. angustifolia, and P. fremontii × P. angustifolia F 1 hybrids) was included. Cross type litter (250 g per replicate) represented mixtures of 8-12 genotypes each of P. fremontii, F 1 hybrid, or P. angustifolia genotypes (n = 14 replicate mixtures per cross type). Litter was collected from a 20-yr-old cottonwood common garden in Ogden, UT, during the fall of 2008. Trees were the same age and growing under similar environmental conditions, making it possible to limit the effect of environment and isolate the genetic influences on plant litter traits. Whole-tree nets constructed of bridal veil enclosed all branches. The tops of the nets were closed to prevent litter from blowing in from other trees in the garden. Litter nets were erected in early October, when leaves were just starting to change color, and collected at the end of November, after litter abscission. No major precipitation events occurred during litter netting.
The experiment was conducted over 86 d in upper Oak Creek, AZ, upstream of Cave Spring Campground, from November, 2009 , through January, 2010 (Fig. 1) . Oak Creek has an intact v www.esajournals.org COMPSON ET AL.
cottonwood hybrid zone with P. fremontii and P. angustifolia trees. Within this hybrid zone, we randomly distributed large litter packs along a ~100-m riffle-run reach at equal depth (~16 cm) and at least 1 m apart to avoid flow interference (Fig. 1) . These litter packs were large enough (0.5 × 0.5 × 0.16 m) to measure insect emergence from large litter aggregates commonly found at Oak Creek in the autumn (Z. Compson, personal observation) . Litter packs were covered with Vexar (mesh size 10 × 4 mm), allowing immigration and emigration of aquatic insects while excluding the effects of fish. Microfiber emergence nets were attached to the top of litter packs, just above water level, and acrylic collectors filled with ~100 mL 70% ethanol were set weekly for 48 h starting on day 7 (n = 12 weeks). During the final harvest, litter and associated insects were 
Emerging insects
Clear acrylic traps were attached above the emergence nets (Fig. 1, inset ) and, after 48 h, traps were removed and the 70% ethanol and captured insects were collected in 250-mL cups. Insects were sorted at 2× magnification and identified down to the lowest taxonomic level possible using Leica MZ75 dissecting microscopes at 6.3× to 50× magnification. Insects were identified using aquatic insect keys (e.g., Merritt and Cummins 1996) and reference collections were established at NAU's Colorado Plateau Biodiversity Center. Insects were identified to species (6.3% of taxa), genus (17% of taxa), or family (77% of taxa). Insects that could not be identified past family were morphotyped when there were clear morphological differences within a family (38% of taxa). Insect counts and body lengths were recorded. In total, we censused 191 788 insects of 64 taxa across eight orders. Biomass was calculated using lengthmass algorithms developed for emerging aquatic insects (Sample et al. 1993 .
Cage effects of large litter packs
Because emerging insect abundance and production may have been enhanced due to altered abiotic variables and predator release caused by cages (Woodin 1974 , Hulberg and Oliver 1980 , Peckarsky 1985 , Power et al. 2004 ), we included empty packs (no litter) to determine emerging insect abundance and production attributed to the litter packs themselves. Averaged across the entire 12-week study, control cages yielded 271 ± 30.6 insects (no. m −2 ·d −1 ) and 100 ± 11.1 mg·m −2 ·d −1 . These production rates were 1.7-times (Jackson and Fisher 1986 ) and 2.9-times (Grimm 1987) higher than ambient emergence documented from a nearby desert stream (Sycamore Creek, AZ). Packs with litter yielded 12% to 37% higher emerging insect abundance and 13% to 40% higher production compared to packs with no litter. While the emergence rates measured in our study were likely higher than ambient rates, the rates we measured are potentially more realistic in the context of headwater streams, which are known to have relatively high retention rates , Webster et al. 1999 , Hoover et al. 2006 ) and accumulate discrete litter patches of abundant resources for detritivores following autumn litter drop (Casas 1997 , Rowe and Richardson 2001 , Kobayashi and Kagaya 2002 ; this is the case in Oak Creek, where natural litter packs can be substantial (Z. Compson, personal observation) and Populus litter retention rates in riffles (mean k ± standard error = 0.061 ± 0.0099 m −1 , Z. Compson, unpublished data) are much higher compared to retention rates reported in a nearby system (Compson et al. 2009 ). Regardless of the effect of cages on emergence rates, our main focus was on estimating the effects of litter type on emergence, and these estimates were likely conservative because small-scale cage experiments on benthic invertebrates may underestimate treatment effects (Kohler and Wiley 1997) . Inferences made in our study involved comparing litter packs containing different litter types with the same cage effects. We restrict our interpretation to the ecological significance of the treatment effects, rather than the magnitudes of measured emergence rates.
Leaf litter traits proposed to influence aquatic insect emergence
We measured genetic distance and chemical and physical litter traits among genotypes to test their effect on the community composition, abundance (no. m −2 ·d −1 ), and production (mg dry weight m −2 ·d −1 ) of emerging insects.
Genetic distance.-Using GenAlEx Smouse 2006, 2012) , we calculated the pairwise genetic distance among P. angustifolia individuals. Cottonwood samples were fingerprinted at fourteen MSAT loci (GCPM_772, ORPM 60, GCPM_2903, PMGC_333, GCPM 2315, GCPM_ 2425, GCPM_2992, GCPM3592, GCPM_3907, GCPM_961, GCPM_2900, GCPM_3681, GCPM_ 1685, GCPM3457; Tuskan et al. 2004 ; http:// www.ornl.gov/sci/ipgc/ssr_resource.htm). These loci targeted specific sections of linkage regions, and most of the loci amplified different linkage regions. All samples were amplified at the same 14 loci. Fragment analysis was performed using GeneMapper (Applied Biosystems 2006). Repeatability of allele assignments was assessed in at least two independent PCR amplifications with the samples rearranged on plates.
Litter chemistry.-A subsample of initial litter from each litter pack was set aside for chemical analysis of % lignin, % condensed tannins, %C, and %N. Chemical analysis of lignin and condensed tannins was conducted at the Lindroth Chemical Ecology Lab at the University of Wisconsin, Madison. Dried litter was ground with a Wiley mill (mesh size #40), freeze-dried, and stored at −20°C. Litter lignin concentrations were assessed by digesting ground plant material (~500 mg) in hot cetyltrimethylammonium bromide acidified with H 2 SO 4 to determine fiber concentrations and then performing a subsequent digestion in 72% H 2 SO 4 . Condensed tannins, important secondary metabolites in Populus (Palo 1984 , Lindroth et al. 1987 , Rehill et al. 2005 , were assessed using the acid butanol assay (Porter et al. 1986 ) with purified P. angustifolia condensed tannins as standards (Rehill et al. 2006) . Litter %C and %N were measured at the Colorado Plateau Stable Isotope Laboratory (CPSIL, http://www.isotope.nau.edu) using a Thermo Finnigan Flash 1112 elemental analyzer (Thermo Finnigan, San Jose, California, USA).
Litter structure.-Structure was measured using two metrics. First, litter bulk density (g cm -3 ) was measured as the mass of bulk litter without compaction that would fit in a 1.5 L container. Second, litter thickness (mm) was measured using digital calipers at five points on each piece of litter: the center, to the right of the mid-vein, on the (1) bottom, (2) middle, and (3) top of each piece, and the middle of the (4) first and (5) final third of each piece along the widest horizontal axis. Mean litter thickness was calculated for each piece of litter, and a mean of 10 pieces were used for each replicate.
Litter fungal community.-The fungal pathogen species (Drepanopeziza populi (Helotiales), Phyllactinia populi (Erysiphales), and Mycosphaerella spp. (Capnodiales) that caused visible symptoms of disease on living leaves were assessed in September of 2009 and 2010 in the Ogden Nature Center common garden (Busby et al. 2013) . For each leaf (n = 24 per tree), a visual estimate of leaf pathogen severity was assessed on a scale from 0 to 5 (0 = no damage, 1 = 1-6%, 2 = 7-12%, 3 = 13-25%, 4 = 26-50% or 5 = >50%), and from these scores a single, weighted damage score was calculated v www.esajournals.org COMPSON ET AL. (Dirzo and Domínguez 1995) . Fungal pathogens were not measured on the leaf litter used in our study (from 2008) because not enough litter remained from that year for some genotypes. Fungal pathogen community composition and individual species abundances represent heritable traits (Busby et al. 2013) and are consistent from year to year (2009 compared to 2010: R 2 : D. populi = 0.52; Mycosphaerella spp. = 0.38; P. populi = 0.43).
Decomposition.-Remaining leaf litter and benthic aquatic insects from litter packs were harvested after the final collection of emerging insects (day 77) and placed on ice. Litter packs were processed within 48 h of harvesting. Benthic sediment and invertebrates were separated using 250 μm sieves and invertebrates were preserved in 70% ethanol. Remaining litter was rinsed with deionized water and dried at 70°C for 96 h. Dried litter was weighed on a Mettler Toledo microbalance, ground in a Wiley Mill to 425 μm, and combusted at 550°C in a muffle furnace (Barnstead International, Dubuque, Iowa, USA) for 1 h to determine ash-free dry mass (AFDM) according to the methods of Benfield (2006) .
Data analysis.-We conducted Mantel and partial-Mantel tests in R (R Core Team 2015) using the ecodist package (Goslee and Urban 2007) to test if the genetic distance matrix correlated with the community dissimilarity matrix. Mantel tests were used to examine associations among tree genetic distance, aquatic insect community dissimilarity, and leaf litter traits, including lignin (%), condensed tannins (%), litter density (g/cm 3 ), litter thickness (mm), litter N (%), litter C:N, the litter fungal community, and decomposition (k/d). Partial-Mantel tests were used to construct path diagrams because they show associations between variables with all other variables held constant. Two path models were constructed. The first model assessed litter traits independently as mechanisms for how genetic distance influences emerging insect communities. Because litter traits, particularly litter chemistry, are known to influence decomposition (Cornwell et al. 2008 ), the second model assessed how litter traits influence litter decomposition and how litter decomposition then influences emerging insect communities. As recommended by McCune et al. (2002) , community data were relativized by taxa total abundance and a Bray-Curtis dissimilarity matrix was calculated; litter trait data were relativized by Euclidean distances and Euclidian dissimilarity matrices were calculated. For all Mantel and partial-Mantel tests, dissimilarity matrices were compared and p-values were calculated using distributions estimated from 10 000 permutations (Jackson and Somers 1989) .
To test for differences in emerging insect abundance (no. m −2 ·d −1 ) and production (mg dry weight·m −2 ·d −1 ) among P. angustifolia genotypes and cross types, repeated measures MANOVA (rmMANOVA) tests were conducted in JMP Pro (SAS Institute Inc. 2013). Separate rmMANOVA tests were done for each response variable, including total abundance and production, abundance and production of dominant taxa, abundance and production of nonchironomid taxa, and abundance and production of functional feeding groups. For each rmMANOVA model, litter type (for either cross types or P. angustifolia genotypes) was the between-subjects factor and time was the within-subjects factor. We tested cross type litter and genotype litter separately because cross type litter represented mixtures of genotypes within the common garden (i.e., replication was of mixed litter for each cross type), whereas genotype-level litter represented individual genotypes that were not mixed (i.e., replication was from individual clones of each genotype). Both cross type and genotype were treated as fixed effects. Although treating genotype as a fixed effect limits our ability to generalize our findings, we used this approach because P. angustifolia genotypes were not chosen randomly, but to maximize litter phytochemical differences. We used rmMANOVA instead of traditional, univariate repeated-measures ANOVA (rmANOVA) for two reasons. First, rmMANOVA generally has more power to resolve differences compared to rmANOVA when sample sizes are reasonably large (Maxwell and Delaney 2004) and epsilon is low (Mendoza et al. 1974 , Stevens 2012 , which was generally the case for this study. Second, rm-MANOVA is free of the assumption of sphericity (O'Brien and Kaiser 1985) , which was violated for most of our data sets. Wilk's lambda was used as the test statistic for hypothesis testing in MANO-VA. Species richness and diversity (Shannon's H') were all calculated in PC-ORD (McCune and v www.esajournals.org
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Mefford 2011) and data were analyzed using rm-MANOVA, as described above. Abundance and production data were log-10 transformed and diversity data were arcsine-square-root transformed, when necessary, to meet the rmMANO-VA assumption of normality.
Nonmetric multideminsional scaling (NMDS) ordinations were performed for genotype and cross type insect communities using PC-ORD with Bray-Curtis distances of relative abundances (e.g., the proportion of the maximum observed abundance for a given taxa). Multiresponse permutation procedures (MRPP) were used to make comparisons among groups, and indicator species analyses (ISA) (Dufrêne and Legendre 1997) were performed in PC-ORD to determine what species of insects differentiated among litter types.
Decomposition was modeled using exponential decay:
where L f was the AFDM of remaining litter at time t, L i was the AFDM of initial litter from handling packs (as described by Benfield (2006) ), and kd -1 was the instantaneous decomposition rate constant. Decomposition rate constants were compared among treatments using ANOVA in JMP Pro.
results
Genetic relationships with aquatic insect communities
Consistent with our first hypothesis, genetic similarity within P. angustifolia correlated with the community composition of emerging insects, such that litter from trees that were more closely related had more similar emerging insect communities (Fig. 2a) . The correlation between genetic similarity and emerging insect community similarity for P. angustifolia genotypes was the strongest when insect abundances for all twelve harvest dates were used (Mantel r = 0.57, P = 0.0045). This pattern was not apparent when examining single harvests because of the high variability among replicates at any given sample date. Despite temporal variability, emerging insect communities over the entire 12-week study showed a clear relationship with tree genetic distance.
Relationships among genetic distance, litter traits, and emerging insect communities were nuanced. As predicted, within P. angustifolia genetic similarity significantly correlated with decomposition rate (partial Mantel r = 0.76, P = 0.019; Fig. 2a) , which also correlated with the emerging insect community (partial Mantel r = 0.76, P = 0.0062; Fig. 2a ). In addition, litter thickness (mm) and litter nitrogen (%) were significantly correlated with genetic similarity, and the litter fungal community was marginally correlated with genetic similarity. Only the litter fungal community was directly associated with the emerging insect community (Fig. 2a) . Rather, litter thickness (mm), litter nitrogen (%), and the litter fungal community were correlated (%N was marginally significant) with decomposition rates (Fig. 2b) , which was the strongest factor associated with the emerging insect community. In contrast to our initial predictions, genetically similar trees did not have similar litter lignin (%), condensed tannins (%), bulk density (g L -1 ), or C:N (gC gN -1 ), despite genetic control over many of these traits (Holeski et al. 2012 , Busby et al. 2014 , and none of these traits were significantly associated with either decomposition or the emerging insect community (Fig. 2a, b) . However, in a separate analysis, lignin and condensed tannins were treated as a composite variable representing recalcitrant litter chemistry, and this composite variable was significantly correlated with the emerging insect community (partial Mantel r = 0.37, P = 0.048). The NMDS analysis was consistent with the Mantel tests and showed that emerging insect communities differentiated among litter of different P. angustifolia genotypes (MRPP: A = 0.040, P = 0.0042; Fig. 3a) .
In contrast to genotype comparisons, differences among emerging insect communities of mixed cross type litter were not as pronounced. Though P. angustifolia and P. fremontii had, on average, distinct litter traits (Table 2) , emerging insect communities were only marginally different among cross types (MRPP: A = 0.035, P = 0.082; Fig. 3b ). In addition, communities associated with F 1 hybrid litter were very similar to those associated with P. angustifolia litter (MRPP: A = 0.0030, P = 0.30; Fig. 3b ). Nine species differentiated among genotypes (five Diptera species, two Trichoptera species, one Ephemeroptera species, and one Coleoptera species), and three Diptera species discriminated among cross types (ISA: all P < 0.05). In summary, differences among litter types were less pronounced in the mixed cross type litter packs relative to single P. angustifolia genotype packs, even though the mixed packs represented a broader genetic comparison.
Contrary to our initial hypothesis, emerging insect abundance (no. m −2 ·d −1 ) (rmMANO-VA: F 1,88 = 0.32, P = 0.57), production (mg dry weight·m −2 ·d −1 ) (rmMANOVA: F 1,88 = 0.026, P = 0.87), species richness (rmMANOVA: F 1,88 = 2.0, P = 0.16), and diversity (Shannon's H′) (rmMANOVA: F 1,88 = 1.2, P = 0.28) were not higher in mixed litter packs relative to single genotype packs. Restricting our comparisons to only P. angustifolia mixed litter treatments compared Fig. 2 . Path diagrams of two ways plant genetic distance influences emerging aquatic insects: (a) through leaf litter traits that directly influence aquatic insects and (b) through leaf litter traits that influence decomposition, which was the main factor associated with aquatic insects. Arrows depict Mantel (gray) and partial-Mantel (black) correlations among plant genetic distance, emerging aquatic insect community dissimilarity, and litter traits, including lignin (%), condensed tannins (%), litter density (g L -1 ), litter thickness (mm), litter nitrogen (%), to single genotype P. angustifolia treatments did not change these patterns (rmMANOVA: abundance: F 1,60 = 2.8, P = 0.098; production: F 1,60 = 3.1, P = 0.086; species richness: F 1,60 = 0.55, P = 0.46; Shannon's H′: F 1,60 = 0.99, P = 0.32). However, differences in community metrics were more pronounced among genotypes than cross types. P. angustifolia genotypes differed in emerging insect species richness (rmMANOVA: F 6,41 = 2.9, P = 0.020), with the most species-rich genotype yielding, on average, 35% more species than the most species-poor genotype. Collectively, all seven genotypes yielded 42% more species than the average of the monocultures (species richness: all seven genotypes = 61, mean monoculture = 43 ± 1.4). Differences among genotypes in diversity varied with time (rmMANOVA: Time × Genotype: Shannon's H′: F 66,171.33 = 1.4, P = 0.0497). There were no differences among cross type litter for these community metrics (rmMANOVA: all P > 0.05).
Emergence controlled by plant genotype and temporal variation
Total emerging insect abundance (no. m −2 ·d −2 ) did not differ among litter of genotypes (rm-MANOVA: F 6,41 = 0.37, P = 0.89; Fig. 4a ) or cross types (rmMANOVA: F 2,39 = 1.7, P = 0.20; Fig. 4b) . Genotypes, however, differed in the temporal pattern of total emerging insect abundance (rmMANOVA: Time × Genotype: F 66,171.33 = 1.6, P = 0.0074), but this was not the case for cross types (rmMANOVA: Time × Cross type: F 22,58 = 1.3, P = 0.21). Chironomids, small Diptera that can dominate assemblages (Jackson and Fisher 1986 , Stagliano et al. 1998 , Lynch et al. 2002 , were the most abundant taxon in all litter packs (95% of emerging insect abundance and 78% of emerging insect production). When they were removed from the analysis, non-chironomid emerging insect abundance differed marginally among genotypes (rmMANOVA: F 6,41 = 2.1, P = 0.074), with 56% higher abundance emerging from the highest compared to the lowest genotype, but there were no differences among cross types (rmMANOVA: F 2,39 = 1.8, P = 0.18). In general, emerging insect production (mg·m −2 ·d −2 ) was more variable than abundance, and tended to not differ among genotypes (rmMANOVA: Genotype: F 6,41 = 0.61, P = 0.72; Time × Genotype: F 66,171.33 = 0.91, P = 0.67) or cross types (rm-MANOVA: Cross Type: F 2,39 = 2.1, P = 0.13; Time × Cross Type: F 22,58 = 0.99, P = 0.49), though non-chironomid production tended to differ among genotypes (rmMANOVA: Genotype: F 6,41 = 1.9, P = 0.11, 40% higher production from the highest compared to lowest genotype) and cross types through time ( rmMANOVA: Time × Cross Type: F 22,58 = 1.5, P = 0.11). In addition, despite the strong influence of litter decomposition rates on the emergent insect community, univariate regressions relating litter decomposition to total abundance and production of emerging insects indicated consistent but weaker patterns for both cross type and genotype litter (i.e., all regressions were negative, but not significant, P > 0.05). Emerging insect abundance (no. m −2 ·d −2 ) and production (mg·m −2 ·d −2 ) of functional feeding groups and other taxonomic groups also discriminated more among litter of cottonwood genotypes than among cross types. Emerging Trichoptera abundance significantly differed among genotypes (rmMANOVA: F 6,41 = 2.5, P = 0.039, 155% higher abundance from the highest compared to lowest genotype). Ephemer optera (rmMANOVA: F 6,41 = 1.8, P = 0.012), collector-filterer (rmMANOVA: F 6,41 = 2.1, P = 0.075), and parasitoid (rmMANOVA: F 6,41 = 1.9, P = 0.11) abundance tended to differ among genotypes. In addition, the effect of genotype on emerging shredder (rmMANOVA: Time × Genotype: F 66,171.33 = 1.4, P = 0.052) and collector-filterer (rmMANOVA: Time × Genotype: F 66,171.33 = 1.5, P = 0.021) abundance varied with time. Conversely, only emerging parasitoid abundance differed consistently among cross type litter (rmMANOVA: F 2,39 = 3.7, P = 0.034, 69% and 26% higher production from F 1 compared to P. fremontii and P. agnustifolia litter, respectively), and there was a time-dependent effect of cross type on emerging shredder abundance (rmMANOVA: Time × Cross Type: F 22,58 = 1.8, P = 0.042). No other taxa differed in emerging insect abundance among cross types. Emerging insect production differed among genotypes with time for both collector-filterers (rmMANOVA: Time × Genotype: F 66,171.33 = 1.4, P = 0.044) and Trichoptera taxa (rmMANOVA: Time × Genotype: F 66,171.33 = 1.4, P = 0.041). In addition, there was a trend toward predator production differing among genotypes (rmMANOVA: F 6,41 = 2.2, P = 0.058, 29-times higher production from the highest compared to lowest genotype). Only collector-filterer production differed among cross type litter (rmMANOVA: F 2,39 = 3.8, P = 0.031, 26% and 29% higher production from F 1 compared to P. fremontii and P. agnustifolia litter, respectively), though there was a trend toward Ephemeroptera production differing among cross types (rmMANOVA: F 2,39 = 2.8, P = 0.075). In summary, insect responses varied, but in general genotypic differences in litter resulted in differential rates of emerging insect abundance and production of multiple taxa and functional feeding groups, whereas responses to cross type mixtures were minimal.
dIscussIon
The genetic footprint of terrestrial plants in aquatic ecosystems
Plant genotypes influence terrestrial litter invertebrate communities (Classen et al. 2006 , Zytynska et al. 2011 , though these effects have been postulated to be weaker in aquatic systems, where invertebrate communities do not necessarily discriminate among litter of different tree genotypes (LeRoy et al. 2007 ). Our results demonstrate that plant genotype effects are apparent for emerging aquatic insect communities, bringing full circle the afterlife effects of plant genes on terrestrial-aquatic interactions (LeRoy et al. 2006 , Lecerf and Chauvet 2008 , Jackrel and Wootton 2014 : the emerging insect communities are shaped by the genetic-based traits of the trees from the terrestrial environment to which aquatic insects return when they emerge from their aquatic life stage. This adds a genetic dimension to our understanding of terrestrial-aquatic linkages through reciprocal ecosystem subsidies (Likens and Bormann 1974 , Nakano and Murakami 2001 , Baxter et al. 2004 ).
Our findings also show that genotypes that are more similar to one another in their neutral molecular markers support more similar communities. This has also been found for canopy arthropods in temperate forests and rain forests (Bangert et al. 2006a , b, Barbour et al. 2009b , Zytynska et al. 2011 , Ferrier et al. 2012 . The correlations we report may be conservative as correlations between quantitative trait markers were nearly twice as high as those with neutral markers (Barbour et al. 2009b ).
Implications of riparian tree clonality for headwater streams
The stronger response of the emerging insect community to litter from P. angustifolia genotypes than from mixtures of genotypes representing cross types could be because P. angustifolia genotypes were chosen to represent a wide range of phytochemical traits, whereas cross type litter was mixed, including multiple genotypes for a given litter type (P. fremontii, F 1 hybrid, and P. fremontii). Intraspecific variation in litter phytochemistry (Holeski et al. 2012 ) and litter decomposition (Lecerf and Chauvet 2008) can rival or exceed that of interspecific variation in these traits. This may explain why we observed differences among genotypes but not cross types in emerging insect communities: variation among the genotypes included in the mixed cross type litter packs likely muted differences in average decomposition and insect communities detectable for the cross type comparisons.
Aquatic insects had a higher fidelity to litter of P. angustifolia genotypes than to mixtures of cross types, possibly reflecting the clonal nature of P. angustifolia (Rood et al. 1994, Gom and Rood 1999) and its clumped distribution in southwestern headwater streams (Braatne et al. 1996) . Thus, in high gradient, low-order streams where leaf retention rates are high (Webster et al. 1994 , Jones 1997 ) and litter does not travel far from its source, aquatic insects may experience large aggregates of litter from a single genotype. Oak Creek, AZ, has relatively high litter retention rates (k = 0.061 ± 0.0099 m −1 for Populus, Z. Compson, unpublished data), especially for a stream of its size (Strahler stream order = 4), and so insect communities emerging from particular locations in this stream likely encounter one or a few genotypes in large patches of litter. Consequently, genotypic effects of leaf litter on aquatic insects and insect emergence might be magnified in this and other headwater streams, especially for slow-decomposing litter, which will remain in the stream longer and provide a longer temporal footprint. Because different genotypes supported different species richness, diversity through time, and community composition in our study, the phenomenon of litter patchiness in headwater streams (Casas 1997 , Rowe and Richardson 2001 , Kobayashi and Kagaya 2002 underscores the importance of maintaining riparian tree diversity.
Factors influencing aquatic insect emergence
Plant genetic similarity has been proposed to influence the community similarity of associated organisms through litter chemistry (Legendre 1993 , Bangert et al. 2006b ). Our study demonstrated that recalcitrant litter chemistry was strongly associated with the emerging insect community among P. angustifolia genotypes, but only when it was treated as a composite variable: when lignin and condensed tannins were treated separately, they did not have significant influences on the emerging insect community. This suggests that litter chemistry, including other litter chemistry variables not measured in this study (e.g., salicortin), functions as a multivariate trait (sensu Holeski et al. 2012) to influence the emerging insect community. Litter chemistry itself was not associated with genetic distance. Rather, the influence of plant genetic similarity on community similarity of emerging insects was through litter decomposition rate, which was itself influenced by litter thickness, litter N, and litter fungal communities. With the growing number of studies demonstrating intraspecific variation in aquatic litter decomposition in the cottonwood system and v www.esajournals.org COMPSON ET AL.
elsewhere (Lecerf and Chauvet 2008, Jackrel and Wootton 2014) , these results could mean that aquatic litter communities are more sensitive to plant genetic identity than once thought. Possible explanations for the association between terrestrial fungal pathogens and aquatic insects are that the terrestrial fungi are retained and provide a food source for insects, or litter traits that promote terrestrial fungi may also induce higher colonization of aquatic fungi.
In our study, litter from Populus cross types and P. angustifolia genotypes with slower decomposition rates tended to yield higher emerging insect abundance and production (all univariate correlations negative, but P > 0.05 for all). While laboratory preference experiments generally demonstrate a preference of shredders for more labile leaf litter (Graça 2001, and references therein) , other aquatic insects use leaf litter as a habitat or substrate that collects fine particulate detritus (Richardson 1992) ; this, coupled with the fact that aquatic insects can both contribute to and be affected by litter decomposition complicates the causal linkage between litter decomposition and insect emergence. Recalcitrant litter decomposes slowly and slows down the decomposition of labile leaf litter in mixtures (Swan and Palmer 2004) , likely imparting stability by extending the availability of other more labile resources (Palmer et al. 2000) to the many stream invertebrates relying on terrestrial litter subsidies for food (Cummins et al. 1989 , Richardson 1991 , 1992 and habitat (Reice 1978 , Richardson 1992 ). Therefore, litter mixtures including genotypes that have very recalcitrant litter will likely lead to a more sustained resource pulse lasting later into the year. As recalcitrant litter has been associated with more spring-summer shredders (Grubbs and Cummins 1994) and higher insect emergence rates (Kominoski et al. 2012 , the presence of recalcitrant litter in streams could also mean a longer, more sustained pulse of emerging insects to fish and riparian predators (Baxter et al. 2005) .
Implications of differential responses of emergent insect groups
The finding that many groups of emerging aquatic insects that do not directly feed on leaf litter (e.g., Ephemeroptera, collector-filterers, parasitoids) discriminated among litter types while shredders generally did not (except in the context of temporal dynamics) could have arisen for several reasons. For example, litter decomposition dynamics might have caused a tradeoff for shredders, such that fastdecomposing litter was more palatable and accessible, but disappeared more quickly, than slow-decomposing litter, which remained in the stream longer and provided more structural integrity for habitat. Conversely, taxa that do not need litter as a food source would not have been affected by the resource-habitat tradeoff, being driven instead by the structural aspects of leaf litter and thus choosing litter types that provide more habitat for a longer time (e.g., litter from more recalcitrant P. angustifolia genotypes). Another possible explanation for the lack of differences in shredders among our litter types is shredder-predator interactions. While shredders have been shown to utilize leaf litter more for a food source than for habitat (Richardson 1992) , selecting more labile, palatable litter types (Graça 2001 , and references therein), in our study predator production was generally higher on fast-decomposing genotypes (e.g., T15, a fast-decomposing genotype, had 2.3 and 5.3 times higher predator production than the two slowest-decomposing genotypes, respectively). Predators, which can decrease litter decomposition by reducing detritivore abundance (Ruetz et al. 2002) or altering detritivore foraging behavior (Short and Holomuzki 1992) , might have dampened shredder emergence from fast-decomposing litter through direct predation or by altering shredder behavior, causing them to forage less and develop more slowly or to choose to emerge outside of litter packs. In addition, shredders associated with slowdecomposing litter might have benefitted from the added habitat complexity of the litter, providing them with a refuge from predation.
Temporal influences on insect emergence
Aquatic insect emergence varied through time, likely reflecting the influence of temperature, flow, and taxon-specific behavior, all known to affect the timing of emergence (Power and Rainey 2000 , Iwata 2003 , Power et al. 2004 , Baxter et al. 2005 . No single date yielded strong patterns, underscoring the importance of multiple sampling events to characterize emergence (Judd 1962, Harper 1978, Nakano and Murakami 2001) . Despite the temporal variability in our study, the association between P. angustifolia genetic similarity and emerging insect community similarity strengthened as more sampling dates were aggregated, suggesting persistent afterlife effects of plant genes on insect communities.
Temporal variation is common for insect emergence in aquatic systems. Emergence can be continuous, rhythmic with a lunar period, sporadic (irregular intervals of a few days), or seasonal (Corbet 1964) , and this varies among ecosystems (Corbet 1964, Sweeney and Vannote 1982) . Litter quantity has been shown to influence the development time, survival, and traits influencing the vectorial capacity of mosquitoes (Araú-jo et al. 2012 ). Our results demonstrate that the genotype of leaf litter can influence the abundance and production of functionally important emerging insect groups and that these patterns can change through time. This suggests that the loss of riparian plant genotypes could alter the timing of aquatic insect emergence, which can influence the fitness of riparian predators . Our finding that different genotypes promoted emergence at different times implies that the loss of riparian genotypes could disrupt the sustained seasonal pulse of aquatic insects to riparian predators, which depend on emerging insects from streams when terrestrial prey abundances are low (Nakano and Murakami 2001) . Thus, the genetic identity of leaf litter, by influencing secondary production and insect emergence, in turn could affect the productivity and fitness of riparian predators.
Another temporal aspect to aquatic insect emergence that could have important ecosystem implications is differential turnover and development times of insects feeding on different litter types. Because leaf litter from different genotypes supports different communities of emerging insects, this could affect the total rate of emergence through dominance of nonemerging or long timeto-emergence insects. The loss of litter through time prevented us from running our experiment longer than 3 months, which could have prevented us from detecting many slowly developing, predatory taxa, like Zygoptera and Anisoptera. Still, we demonstrated a trend for different genotypes supporting different emerging predator production. Shifts in community composition between commonly emerging or fast-developing forms to a community dominated by non-emerging or slow-developing taxa would have important implications for the subsidy pulse to terrestrial systems. For example, differences in development time between detritivores and predators can lead to accelerated nutrient cycling in the presence of predators, which can convert the mobile (via emergence) pool of N in detritivores into fecal pellets that act as a sink for N for the local ecosystem (Ngai and Srivastava 2006) . In addition, predators are particularly important in controlling crossecosystem linkages because they create strong species interactions that reverberate across ecosystems, affecting landscape-level processes and driving local species interactions (Knight et al. 2005) .
Restoration implications
Understanding ecosystem-level consequences of losing genetic diversity in the riparian zone will be important for land managers who are spending billions of dollars on river restoration projects across North America (Bernhardt et al. 2005) , including large investments in restoring buffer zones around streams (Balana et al. 2012 , Newton 2012 ). Because genetically similar genotypes of P. angustifolia cottonwoods support similar emerging insect communities, loss of riparian genetic diversity, especially genetically dissimilar genotypes, will likely negatively impact aquatic insect diversity. In our study, the species richness of a single P. angustifolia genotype ranged from 39 to 49 (mean: 43 ± 1.4), whereas species richness across all seven genotypes together was 61. Thus, a riparian corridor planted with clumps of seven different genotypes would support an emerging aquatic insect community with 42% more insect species compared to a monoculture. This added diversity could influence ecosystem processes, like decomposition (Swan and Palmer 2004) , reflecting the sensitivity of detritivores to crosshabitat resource subsidies (Marczak et al. 2007 ). In addition, our results suggest that, if riparian tree genotypes that are genetically dissimilar are lost, there might be disproportionately large losses in aquatic insect diversity. Thus, restoration aiming to promote aquatic biodiversity should not only consider riparian tree genetic diversity, but also prioritize maximizing genetically dissimilar genotypes in the riparian zone. Meneses conducted genetics work and calculated genetic distances, and P. E. Busby collected fungal community data and calculated associated metrics. Z. G. Compson analyzed the data and wrote the first draft of the manuscript; all authors contributed to manuscript revisions. We thank Greg Florian of the Northern Arizona University Machine Shop for assistance with designing and constructing large litter packs, emergence nets, and insect collectors. Heather Provincio, District Ranger of the Redrock Ranger District, granted access to our field site and assisted with efforts to interpret our study to the public and prevent vandalism while the experiment took place. We also thank many friends who volunteered to help with field work, including Eric Retterbush, Rita Greenwell, and Michael Barger. This manuscript benefitted greatly from discussions with members of the Cottonwood Ecology Group, the MerriamPowell Center for Environmental Research, and the Center for Ecosystem Science and Society. Funding was provided by NSF through the Ecosystem Studies (DEB-1120343), IGERT (DGE-0549505), MRI (DBI-1126840), and FIBR (DEB-0425908) research programs. The grant is NSF Dimensions grant DEB-1321792.
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